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CHARACTERIZING THE DISTRIBUTION OF PLANKTONIC FECAL BACTERIA IN THE 
JAMES RIVER, RICHMOND, VIRGINIA 
 
By John Riley Furry, M.S. 
A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science 
in Biology at Virginia Commonwealth University 
 
Virginia Commonwealth University, 2011 
Major Director: Rima B. Franklin, Assistant Professor, Department of Biology 
 
Surface waters containing fecal bacteria present significant public health risks.  Understanding 
the sources of and factors affecting the distribution of fecal-indicating bacteria is necessary to 
predict potential illnesses more effectively.  This thesis presents two studies on the distribution 
of fecal bacteria in the James River through Richmond, Virginia.  Chapter 1 describes nearly 11 
years of water quality, climate, and hydrologic data that occurred with changes in Escherichia 
coli concentrations, concluding that Richmond contributes significant quantities of fecal bacteria 
to the James River, and that the distribution of these bacteria varies seasonally.  Chapter 2 details 
the development of Polymerase Chain Reaction (PCR)-based methods to identify four common 
pathogenic taxa of fecal bacteria, and indicates that the factors controlling the distribution of 
these pathogens may be taxa-specific.  Both studies, taken together, indicate that urbanization 
increases the presence of fecal bacteria and pathogens in this system, and that recreational 
contact with the river presents potential health risks.
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Chapter 1: Spatial and seasonal variation in planktonic Escherichia coli concentrations 
along an urbanization gradient in the James River through Richmond, Virginia 
 
Abstract 
This study analyzes effects of factors associated with urbanization on Escherichia coli 
concentrations in a large river within a single catchment over nearly 11 years.  Urbanization 
significantly increases E. coli loading of surface waters via precipitation runoff, combined 
sewage overflows, and sanitary sewage overflows.  The James River in Richmond, Virginia 
receives these inputs along an urbanization gradient from parklands and single-family homes to 
dense commercial and industrial development.  Samples were collected along the 12 km 
urbanization gradient during years 2000-2011 and analyzed for basic physicochemistry and E. 
coli concentrations using standard membrane filtration.  Mean E. coli concentrations at each site 
increased along the urbanization gradient (r
2
= 0.70, p < 0.01) from numerous point and non-point 
sources.  Overall, total antecedent precipitation correlated with E. coli concentrations (0.27 ≤rs ≤ 
0.35, p < 0.0001) and Kruskal-Wallis tests indicated E. coli concentrations varied by season (p < 
0.0001).  Urbanization density and precipitation correlated with E. coli concentrations more 
strongly than temperature, pH, dissolved oxygen saturation, specific conductance, and mean 
daily discharge.  The relative contribution to E. coli concentrations from each of these factors 
varied by season.  Overall, E. coli concentrations increased significantly with position along the 
urban gradient and antecedent precipitation within the watershed, and the relative influence of 
factors altering E. coli concentrations varied seasonally. 
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Introduction 
Surface waters receiving land-based fecal contamination are hazardous to human health.  
The World Health Organization (2010) estimates that globally, 1.5 billion people suffer from 
water-related illnesses at any one time, and an estimated 3.4 million people die annually from 
waterborne pathogen infections.  Waterborne illnesses resulting from wastewater pollution of 
coastal areas causes global economic losses estimated at $12 billion USD annually (Shuval, 
2003). 
To estimate the presence and magnitude of fecal pollution in surface waters, "indicator" 
bacteria from water samples are cultured and enumerated.  These are microbes whose presence 
in water signals the presence of fecal matter, and potentially, pathogens.  Ideal bacterial 
indicators of fecal contamination would be of exclusively fecal origin and unable to reproduce in 
environmental waters.  Bacteria believed to indicate fecal contamination include total coliforms, 
fecal or thermotolerant coliforms, and Escherichia coli, among others.  E. coli are almost 
exclusively of fecal origin and are generally accepted as the preferred method to estimate fecal 
contamination in freshwater (Tallon, 2005).  Despite the presence of environmental E. coli 
(Tallon, 2005; Ishii, 2006), their poor ability to reproduce in natural waters support the use of E. 
coli as an indicator of fecal contamination (Baudisova, 1997).  Current US standards for 
recreational waters use E. coli as indicators of fecal contamination.  Regulations vary with the 
frequency of full-body recreation (i.e., swimming), and are based on E. coli levels associated 
with illnesses in 0.8% of recreators.  These regulations mandate single-sample maximums and 
geometric means of E. coli concentrations.  In designated swimming areas, geometric mean E. 
coli concentration cannot exceed 126 colony forming units (CFU) of E. coli per 100 mL of 
water; single samples cannot exceed 235 CFU / 100 mL (USEPA, 1986). 
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Land use strongly influences the concentration of E. coli in surface waters (Francy, 2000) 
and up to 95% of the variation in E. coli abundance can be explained by considering the fraction 
of impervious surfaces in a watershed (Mallin, 2000).  Precipitation runoff carries E. coli into 
surface waters in both rural and urban watersheds.  In rural areas, runoff commonly flows over 
vegetated areas that may filter or absorb bacteria (Mallin, 2000).  Urban areas contain 
impervious surfaces including streets, parking lots, and rooftops, which accumulate fecal matter 
in dry weather.  Precipitation washes these accumulations into stormwater management systems 
with minimal or no natural filtration or absorption.  Runoff may contain 10
3
 to 10
4
 colony 
forming units (CFU) of E. coli per 100 ml of water (Marsalek, 2004), and cause human illness 
(Vonstille, 1993).  The quantity of these bacteria introduced into receiving waters varies 
seasonally, likely because of precipitation (Hathaway, 2010; Selvakumar, 2006). 
Wastewater discharges are major sources of E. coli in surface waters (Smith, 2004).  The 
magnitude of E. coli influx varies with wastewater management practices and watershed 
population (Mallin, 2000).  Urban areas use either combined or separated sewage systems to 
manage precipitation runoff.  Combined sewage systems (CSS) convey a mixture of precipitation 
runoff and sewage for treatment.  In periods of elevated precipitation or snowmelt, the volume of 
combined sewage exceeds the treatment capacity of the wastewater treatment facility.  Excess 
combined sewage discharges directly into receiving waters during combined sewage overflow 
(CSO) events.  Combined sewage systems are common in older urban areas of the US because of 
their simplicity of construction and lower costs relative to separated sewage systems (SSSs).   
Newer urban areas generally use SSSs that covey runoff and sewage in separate pipe 
systems.  Treatment of runoff varies by system.  Sanitary sewage overflows (SSOs) occur in both 
CSSs and SSSs, and are considered herein as the unintentional discharge of untreated wastewater 
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(e.g., broken conveyances or backflow).  Effluents from CSOs, SSSs, and SSOs may contain 
quantities of E. coli associated with risks to human health or pathogens (Donovan, 2008; 
USEPA, 2002; Marsalek, 2004; Smith, 2004; Hathaway, 2010; Selvakumar, 2006).  These 
discharges cause an estimated 3,400 to 5,600 illnesses at designated swimming areas in the US 
each year (USEPA, 2002).   
The city of Richmond, Virginia represents many older urban communities on the US east 
coast that use CSSs and have histories of severe water pollution.  These cities often are 
associated with large rivers that discharge into estuaries.  In Richmond’s case, the James River 
discharges directly into the Chesapeake Bay.  The river is the source of drinking water for the 
City of Richmond and is used extensively for swimming, wading, fishing, and boating.  Direct 
water contact (e.g., swimming and wading) are most common during late spring to early autumn 
in the designated parklands.  The downstream portion of the reach is used year-round, primarily 
for fishing and boating.  Thus, water pollution in this system presents substantial public health 
risks.  This study made use of a long-term dataset to characterize effects of urbanization on E. 
coli concentrations along a 12-km reach of the river where it flows through the Richmond 
metropolitan area.  Changes in E. coli concentrations along the flow path were further analyzed 
for seasonal variation. 
 
 Methods 
Site description: The James River catchment upstream of Richmond (17,490 km
2
) is 
primarily woodland or agricultural.  At the point where the river enters the city, it is 
approximately 250 m wide with an average mean daily discharge of 190 m
3
 / s (US Geological 
Survey Richmond-Westham gage).  The morphology is generally swift and shallow (1-2 m), 
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transitioning to shallow, intense rapids near the end of the 12 km sampling reach considered for 
this study.  This reach receives precipitation runoff from wooded riparian parklands and urban 
impervious surfaces, CSO effluent, and SSOs.  The relative abundance of impervious surfaces 
(used here as a proxy for urbanization) generally increases in the downstream direction and 
transitions from single-family residences to dense commercial and industrial areas.  Hardwood-
dominated riparian parkland decreases in width and abundance in the downstream direction 
(Figure 1.1).  The sampled reach is approximately 130 km upstream from the Chesapeake Bay 
and not subject to tidal salinity fluxes.  The sampled reach and its tributaries contain 14 CSO 
outlets of varying size and discharge frequency. Some of these CSOs discharge when rainfall 
rates meet or exceed 5 mm / hour. 
Sample collection and processing: Surface water samples (depth ≤ 1 m) were collected 
between May 2000 and March 2011.  Data are a combination of results obtained by the Virginia 
Department of Environmental Quality as part of the Chesapeake Bay Monitoring Program (2000-
2011) and analyses performed at the Virginia Commonwealth University (2009-2011).  
Sampling intervals varied from weekly to monthly, with 1,031 samples collected during the 11 
years of the study.  Frequency and number of samples varied widely by site.  When appropriate, 
sites were grouped by their distance downstream along the study area.  Distances were rounded 
to the nearest km.  
Temperature (°C), pH, specific conductance (SpCond, μS / cm), and dissolved oxygen (as 
percent saturation, DO) were recorded in situ at each site during sample collection using multi-
parameter water quality sondes.  Concentrations of E. coli were determined using standard 
protocols for sample handling and membrane filtration (USEPA, 2006).  Briefly, samples were 
transported on ice to the lab for analysis within six hours of collection.  Known sample volumes 
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were filtered through nitrocellulose filters with pore size of 0.45 μm.  Filters were incubated on 
Difco™ Modified mTEC agar plates (Becton, Dickinson and Company, Sparks, MD) at 35° C 
for 2 hours then moved to 45° C for 23 ± 1 hours.  Colonies were enumerated and the 
concentration was calculated as CFU / 100 mL of water using American Public Health 
Association Guidelines (APHA, 1998).  The sum of precipitation in each of the 1-10 days prior 
to sampling, as measured at Richmond International Airport (11 km east of the study area 
center), and the mean daily discharge of the river for each of the 1-10 days prior to sampling 
(measured at the upstream site, 0 km) were tabulated to elucidate temporal variations. 
Data analysis: All statistical analyses were performed using JMP 9 (Version 9.0.2, SAS 
Institute, Cary, NC) with significance evaluated at α = 0.05.  Spearman rank correlations (rs) 
were used to describe the relationship between E. coli concentrations and each environmental 
assay (Wilkes, 2009; Dorner, 2007; Hathaway, 2010).  Bonferroni adjustment of α was applied 
to correct for multiple comparisons.  Significant differences of E. coli concentrations by sites or 
seasons were identified using the Kruskal-Wallis test and subsequent Dwass-Steel multiple 
comparison tests (nonparametric versions of ANOVA and Tukey post-hoc, respectively).  
Nonparametric statistics were favored in these analyses due to unequal sample sizes and 
sampling schedules.  Comparisons of precipitation and discharge by season were performedusing 
a one-way analysis of variance (ANOVA) and Tukey’s Honestly Significant Difference (HSD) 
due to relatively large and equal sample sizes among seasons. 
 
Results 
Overall patterns: Concentrations of E. coli ranged from 0-12,000 CFU / 100 mL.  Mean 
and median concentrations were 244 and 100 CFU / 100 mL, respectively.  Overall, E. col 
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concentrations at the upstream site (0 km) were significantly lower than at all other sites (Figures 
1.2 and1.3; χ2 = 110.9 with p < 0.0001, Dwass-Steel p-values for pairwise comparisons ≤ 0.002) 
and significantly higher near the end of the reach (11 km, all Dwass-Steel p-values ≤ 0.02).  E. 
coli concentrations positively correlated with location along the urbanization gradient, 
antecedent precipitation for all time intervals considered, and water temperature (Table 1.1).  E. 
coli concentrations correlated negatively with DO, pH, and antecedent total mean daily 
discharge, and did not correlate with specific conductance.  Correlations were strongest for 
antecedent precipitation and location, intermediate for DO and discharge, and lowest for 
temperature and pH (Table 1.1).  Seasonal values for physicochemical parameters are 
summarized in Figure 1.4 and Table 1.2. 
Though Spearman correlation analysis showed a moderate relationship between E. coli 
concentrations and distance (rs = 0.28, p < 0.0001; Table 1.1), this finding may have been biased 
due to unequal distribution of sample sizes along the sampling reach (e.g., at km 0-9, n = 533; 
km 10-12, n = 553).  To minimize this effect, analysis was re-run using the mean E. coli 
concentration for each location (Figure 1.2), which revealed a strong relationship with distance 
along the gradient (r
2
= 0.70, p = 0.01), (Figure 1.2).  
Seasonal trends: Relative E. coli concentrations among sites varied by season (Figure 
1.3) as did their correlations with environmental parameters (Table 1.1).  Further, E. coli 
concentrations, water temperature, precipitation, and mean daily discharge demonstrated 
significant seasonal variations (Figures 1.3 and 2.4, Tables 1.2 and 1.3).  When all sampling 
locations were considered, E. coli concentrations were significantly greater in the summer (mean 
= 312 ± 41 CFU / 100 mL; Dwass-Steel test p-values < 0.05) than all other seasons and lowest in 
the winter (mean = 151 ± 31 CFU / 100 mL).  Autumn (mean = 201 ± 49 CFU / 100 mL) was not 
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significantly different from either winter or spring (mean = 221 ± 32 CFU / 100 mL).  Water 
temperature was recorded during most E. coli sample collections, and was significantly different 
among all seasons (Dwass-Steel test, p-values < 0.0001).  Mean daily precipitation differed by 
season (ANOVA: n = 3,974 dates, F = 6.13, p = 0.0004; Table 1.4), and was significantly greater 
in the summer than winter; spring and autumn were not significantly different from summer or 
winter (Tukey's HSD, p < 0.0001).  Antecedent precipitation positively correlated with mean 
daily discharge.  Correlation strength between mean daily discharge and precipitation increased 
with each antecedent day from rs = 0.04 with the previous day’s precipitation to rs = 0.35 for the 
total precipitation in the previous 10 days (p-values ≤ 0.02).  Mean daily discharge was greatest 
in winter and spring, less in autumn, and least in summer (ANOVA: n = 3974 dates, F = 93.73, p 
< 0.0001; Tukey's HSD: all pairwise differences significant with p < 0.001 except winter-spring 
p = 0.54), and correlated with E. coli concentrations most strongly during summer (Table 1.1).   
 
Discussion: 
In this study, E. coli concentrations generally increased in the downstream direction 
coincident with increased urbanization density.  The relative abundance of impervious surfaces 
and human population density increases in this direction, and the vegetated buffer between 
impervious surfaces and the river diminishes (Figure 1.1).  These factors all contribute to E. coli 
loading (Mallin, 2000; Selvakumar, 2006), alter the microbial community in receiving waters 
(Smith, 2004; Lear, 2009), and are likely important contributors in this system.  Lower E. coli 
concentrations in the extreme upstream area relative to the areas farther downstream indicated 
that most E. coli entered the river in the sampled reach, and not from watersheds upstream, 
which are primarily rural.  The number and frequency of CSO outfalls and cumulative magnitude 
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of CSO effluent also increases in this direction and likely increases E. coli and pathogen loads 
(Donovan, 2008; USEPA, 2002; Marsalek, 2004; Smith, 2004). 
Precipitation directly influences the effects of impervious surfaces and the frequency, 
magnitude, and duration of CSOs (Mallin, 2000; Marsalek, 2004; USEPA, 2002; Patz, 2008).  
The frequency and rate of precipitation, which influences the accumulation and rinsing away of 
fecal material, varies seasonally in the study area (Table 1.4).  Precipitation events in the winter, 
early spring, and late autumn often last for several hours or days with relatively low precipitation 
rates.  During late spring, summer, and early autumn, periodic thunderstorms lasting 1-2 hours in 
duration with rainfall rates exceeding 12 mm / hour are common.  High rates of precipitation 
aggressively rinse fecal accumulations directly into waterways or into the CSS and increase the 
likelihood of CSOs.  In addition, the greater interval between precipitation events during those 
seasons allows more time for fecal matter to accumulate on surfaces between precipitation 
events; rainfall may then be linked to high, sporadic E. coli influxes.  Together, these seasonal 
variations in frequency and intensity of precipitation events likely drive seasonal variations in the 
strength of correlations between mean E. coli concentrations at a site and location along the 
urban gradient.  Correlations were strong in spring and summer (r
2
 = 0.58 and 0.61, p = 0.03 and 
0.02, both respectively) and insignificant in autumn and winter (r
2
 = 0.20 and 0.07, p-values = 
0.27 and 0.53, both respectively). 
E. coli are known to correlate with antecedent precipitation in both agricultural and urban 
areas (Wilkes, 2009; Hathaway, 2010).  The effects of antecedent precipitation on E. coli 
concentrations in CSO effluent likely vary widely by system.  The presence of CSOs in the 
studied reach of the James River inhibits conclusions about the direct relationship between E. 
coli concentrations and antecedent precipitation.  Combined sewage systems alter retention 
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times, and fecal material from household or commercial sewage is not subject to precipitation-
influenced surface accumulations.  Precipitation events exceeding 5 mm / hour cause CSO events 
in the studied system and likely exacerbate the magnitude of precipitation-driven E. coli fluxes.  
Correlations between E. coli concentrations and precipitation recorded on the day prior to 
sampling suggest that fecal bacteria enter the river within hours of a precipitation event (Table 
1.1).  Correlations with antecedent precipitation on longer timescales (2-10 days) may indicate 
persistent influxes.  E. coli concentrations correlated most strongly with total precipitation in the 
four to five days before sample collection, suggesting direct precipitation runoff and CSO 
effluent work concordantly to increase E. coli concentrations.  Spatial and temporal resolution of 
this sampling did not permit this conclusion or quantification of CSO-driven E. coli fluxes. 
Precipitation also influences river depth, discharge, and dilution effects.  High water 
events introduce the possibility of back-flow mixing with CSO outfalls, as water levels often 
exceed the elevation of outfalls.  During periods of high discharge, the river also inundates 
surrounding lowlands.  Flooded areas contain accumulations of fecal matter from wildlife and 
pets that may enter the water column.  Elevated water velocity associated with periods of high 
discharge also increases the probability of suspending E. coli that settled onto the benthos or 
biofilms (Paris, 2009).  Sediments and biofilms often contain E. coli at concentrations several 
orders of magnitude higher than that of the overlaying water. 
Increased water volume reduces the concentration of E. coli in streams by simple dilution 
(Lyautey, 2011).  This potentially mitigates increases in E. coli concentrations from other factors 
associated with high water. Antecedent discharge correlated negatively with E. coli 
concentrations, particularly in the summer and autumn (Table 1.1).  High antecedent discharge 
likely diluted and exported E. coli from the system during these periods.  Correlations between 
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E. coli concentrations and antecedent discharge were not significant in winter and spring; the 
relative contributions of other factors exerted greater influence on E. coli concentrations than 
discharge-related influences during these times of the year.  The relative importance of 
antecedent discharge compared to other potential influences on E. coli concentrations warrant 
further investigation and likely vary greatly by watershed.  To elucidate the relative contributions 
of precipitation and discharge on hydrological fluxes, a comparison of regional precipitation, 
local precipitation, and discharge is suggested. 
Other factors that vary seasonally also may contribute to the patterns observed in this 
study including E. coli deposition, in situ reproduction, and mortality.  Waterfowl, wild animals 
(e.g., squirrels, raccoons, and opossums), and domestic dogs frequently were observed in and 
around the river during sample collection, particularly during warmer weather and in the areas 
used most for recreation.  Fecal deposition in the water and surrounding areas by these animals 
may represent a significant source of E. coli (Selvakumar, 2006).  In addition, because fecal E. 
coli reproduce rapidly at warm temperatures, higher concentrations might be expected during the 
summer, but in situ reproduction of fecal E. coli in surface waters is potentially negligible 
(Baudisova, 1997).  High temperatures and sunlight duration associated with summer months 
increases E. coli mortality (Hathaway, 2010; Tallon, 2005; Maiga, 2009; Boukef, 2010; Sinton, 
2007).  Nevertheless, net E. coli loading exceeded net mortality in these samples, as shown by 
the increased concentrations observed in summer.   
This study also considered dissolved oxygen concentration, pH, and specific conductance 
of the river water as potential correlates to E. coli concentrations.  DO was significantly higher in 
autumn and winter than in summer (Dwass-Steel, p ≤ 0.002); DO in spring was not significantly 
different from any season (Dwass-Steel, p ≥ 0.26).  Similarly, all seasonal comparisons of pH 
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were significantly different (Dwass-Steel, p ≤ 0.006) except spring and autumn (p = 0.34), 
(Figure 1.4).  Seasonal variations observed in DO and pH were likely covariates of other factors, 
or potentially resultant from heterotrophic bacteria and algae.  The magnitude of these variations 
in DO and pH are not believed to directly or significantly influence E. coli concentrations.  The 
effects of SpCond on E. coli viability are poorly understood.  SpCond was considered in these 
analyses to investigate its efficacy as a predictor of E. coli concentrations, as it influenced by 
precipitation and discharge.  In summer-autumn, SpCond was greater than in winter-spring 
(Dwass-Steel, p < 0.0001).  SpCond and discharge are strongly and negatively correlated (n = 
906, rs = -0.72, p < 0.0001), suggesting electrically conductive ions and particles are 
significantly diluted by larger volumes of water from precipitation or in the river.  The effect of 
dilution appears adequate to offset the application of road salt in the watershed during icy 
conditions.  E. coli concentrations correlated with SpCond only in spring and uncovering the 
mechanisms of this relationship requires further research. 
EPA guidelines (single sample maximum E. coli concentrations) are 235 and 575 CFU / 
100 mL for designated swimming areas and waters infrequently used for swimming, respectively 
(USEPA, 1986).  Mean E. coli concentrations in the James River suggest that the risk to human 
health associated with water contact increases in the downstream direction.  Swimming occurs 
primarily in the upstream 9 km of the reach where E. coli concentrations are generally low.  Full 
body contact with the river in and downstream of the downtown (most urbanized) area is 
infrequent.  In the upstream 9 km of the reach, E. coli concentrations exceeded the threshold for 
designated swimming areas in 12% of samples.  E. coli concentrations downstream exceeded the 
single sample maximum for water infrequently used for swimming in 12 % of samples.  
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Pathogen detection methods are suggested to determine the type and magnitude of specific health 
risks associated with such excessive E. coli concentrations. 
The spatial and temporal scale and resolution of sampling this freshwater river along its 
urbanization gradient provide unique insight into the distribution of E. coli in similar systems.  
Though urban areas are recognized E. coli sources (Smith, 2004), relatively little is known about 
changes in E. coli concentrations in the waterway as it flows along a gradient of urbanization.  
Previous studies compare watersheds or streams with various levels of development (Mallin, 
2000; Goyal, 1977) or sample point sources of E. coli (Hathaway, 2010).  Here, it is 
demonstrated that E. coli concentrations increase significantly with position along the urban 
gradient and is associated with antecedent precipitation within the watershed of a large river, and 
the relative influence of factors altering E. coli concentrations vary seasonally. 
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Chapter 1 Appendix 
 
 
 
Figure 1.1: Map of impervious surface area along sampled 
reach.  The black box outlines the area of greatest urbanization.  
Total impervious surface area for the City of Richmond is 28% 
(adapted from (Richmond, 2010b)). 
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Figure 1.2: Mean E. coli concentrations related to position 
along the urbanization gradient in 1-km increments.  Error 
bars ± 1 SE. Different lowercase letters correspond to 
significantly different distance groups as determined by 
Dwass-Steel post-hoc tests (all p < 0.05) following Kruskal-
Wallis non-parametric ANOVA.  Dashed line represents a 
Pearson correlation analysis (n = 8, r
2
 = 0.70, p = 0.01). 
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Figure 1.3: Mean E. coli concentrations by position along the urbanization gradient for each 
season. Error bars ± 1 SE. 
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Figure 1.4: Mean water temperature, pH, SpCond, and DO of the James River through 
Richmond, VA recorded during E. coli sample collection.  Error bars ± 1 SE. 
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Table 1.1: Spearman correlations (rs) between E. coli concentrations (CFU / 100 mL) 
and measured parameters in James River trough Richmond, VA. 
 
 rs Winter rs Spring rs Summer rs Autumn rs Overall 
Location  
(km downstream) 
0.25 0.23* 0.35* 0.33* 0.28* 
Temperature (° C) 0.13 0.09 -0.28* -0.03 0.16* 
Specific Conductance 
 (μ S / cm) 
-0.21 -0.29* 0.00 0.13 0.02 
pH -0.28* -0.26* -0.26* -0.17 - 0.14* 
DO (% saturation) -0.15 -0.22 -0.28* -0.21* - 0.25* 
Precipitation (mm) in the antecedent: 
 1 Day 0.24 0.38* 0.27* 0.37* 0.32* 
 3 Days 0.31* 0.39* 0.33* 0.36* 0.33* 
 5 Days 0.38* 0.40* 0.30* 0.40* 0.35* 
 7 Days 0.33* 0.32* 0.28* 0.35* 0.33* 
 10 Days 0.19 0.26* 0.19* 0.28* 0.27* 
Mean daily discharge (m
3
 / s) in the antecedent: 
 1 Day -0.06 0.03 -0.21* -0.16 -0.16* 
 3 Days -0.18 0.03 -0.27* -0.19* -0.20* 
 5 Days -0.17 0.03 -0.29* -0.22* -0.22* 
 7 Days -0.13 0.06 -0.33* -0.24* -0.23* 
 10 Days -0.07 0.06 -0.33* -0.25* -0.23* 
 
* indicates significant correlation with Bonferroni-adjusted α = 0.003 
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Table 1.2: Summary of measured physicochemical parameters in the James River through Richmond, VA.  Dates pooled by 
season (2000-2011). 
 Winter Spring Summer Autumn Overall 
 Min Max Mean SE Min Max Mean SE Min Max Mean SE Min Max Mean SE Min Max Mean SE 
E. coli 
(CFU / 100 mL) 
1 1800 151 30.7 1 3600 221 32.2 8 8000 312 40.7 0 12000 201 49.3 0 12000 244 22.5 
Temperature 
(°C) 
0.5 18.1 5.9 0.3 11.0 31.1 22.2 0.4 17.4 34.0 26.8 0.2 0.1 26.9 14.5 0.4 0.1 34.0 19.4 0.3 
Specific Conductance 
(μS / cm) 100 295 169 4 62 246 155 3 11 349 231 3 64 409 232 5 11 409 208 2 
pH 5.3 8.9 7.6 0.04 6.1 8.9 7.7 0.04 6.3 9.2 8.0 0.03 6.3 8.9 7.8 0.03 5.3 9.2 7.8 0.02 
DO Saturation  
(%) 
63 161 105 1 24 159 101 1 3 159 99 1 10 152 103 1 3 161 101 1 
Total antecedent precipitation (mm) in previous:                 
1 day 0.0 65.0 2.2 0.2 0.0 85.1 3.2 0.3 0.0 169.7 4.1 0.4 0.0 93.7 3.0 0.3 0.0 169.7 3.1 0.2 
3 days 0.0 67.6 6.4 0.3 0.0 137.4 9.8 0.5 0.0 213.9 12.1 0.8 0.0 151.4 9.1 0.6 0.0 213.9 9.4 0.3 
5 days  0.0 67.8 10.7 0.4 0.0 137.4 16.4 0.7 0.0 213.9 19.8 1.0 0.0 213.9 15.4 0.8 0.0 213.9 15.6 0.4 
10 days 0.0 74.9 21.2 0.6 0.0 166.9 32.8 0.9 0.0 269.0 39.1 1.4 0.0 236.2 31.1 1.1 0.0 269.0 31.1 0.5 
Total antecedent mean daily discharge (m3 / s) in previous:                 
1 day 34.8 3001.9 235.1 8.7 24.9 1682.2 252.3 7.3 9.3 2078.7 96.1 4.9 11.4 2336.4 177.8 8.3 9.3 3001.9 189.4 3.8 
3 days 106.2 7824.8 707.1 24.1 82.2 4072.4 760.5 20.4 29.4 5074.9 290.8 13.6 35.8 5389.3 524.6 22.7 29.4 7824.8 568.0 10.7 
5 days 180.4 10266.0 1183.9 37.6 145.6 5799.9 1273.0 32.8 54.1 6057.6 486.6 20.4 55.0 7193.3 859.4 34.8 54.1 10266.0 945.9 16.8 
10 days 386.3 13503.0 2382.4 67.6 166.0 9832.7 2578.7 58.4 66.0 7748.4 985.4 37.7 67.1 10761.6 1657.2 60.1 66.0 13503.0 1890.1 30.1 
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Table 1.3: Results of Kruskal-Wallis tests for seasonal 
differences of measured parameters in the James River in 
Richmond, VA.  All sampling locations pooled for each time 
interval. 
 n χ2 p 
E coli (CFU / 100 ml) 1031 43.44 < 0.0001 
Temperature (° C) 906 651.8 < 0.0001 
Specific Conductance (μ S / cm) 904 263.2 < 0.0001 
pH 899 110.7 < 0.0001 
DO (% saturation) 892 22.68 < 0.0001 
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Table 1.4: Seasonal precipitation and discharge statistics for all dates, May 2000 to 
March 2011.  Columns “Dates with precipitation” and “mean daily precipitation” 
consider only dates with > 0.3 mm of recorded precipitation to elucidate seasonal 
differences in precipitation frequency and rate. 
 
Season Dates 
observed (n) 
Dates with 
precipitation (n) 
Mean daily 
precipitation (mm) 
Mean daily 
discharge (m
3
 / s) 
Winter 992 293 7.6 237 
Spring 969 360 8.7 251 
Summer 1012 325 12.5 93 
Autumn 1001 307 9.8 178 
Mean 994 321 9.7 212 
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Chapter 2: Detection and distribution of four enteric bacterial pathogens 
using PCR-based methods 
 
Abstract 
Surface waters containing fecal contamination represent a major public health concern.  
Current methods to monitor the presence and magnitude of fecal contamination typically rely on 
culture-based assays of organisms believed to indicate the presence of fecal material.  This study 
employed PCR-based methods to identify genetic markers of potentially pathogenic bacteria in 
the James River where it flows through Richmond, Virginia.  Genetic markers for E. coli 
O157:H7, E. faecium, Campylobacter spp.or Salmonella spp. were identified in 21 of 24 samples 
(88%).  The PCR methods effectively and rapidly identified the presence of the tested pathogens, 
and may provide better sensitivity for estimating specific health risks than culture-based 
methods.  When physicochemical variables, antecedent precipitation, and river discharge were 
analyzed as potential influences on the distribution of these pathogens, the parameters correlating 
with the presence or absence of each taxon varied.  Overall, we conclude that current monitoring 
methods may be inadequate predictors of health risks associated with river contact, and that such 
contact poses potential health risks. 
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Introduction 
Surface waters receiving land-based fecal contamination are hazardous to human health.  
The World Health Organization (2010) estimates that globally, 1.5 billion people suffer from 
water-related illnesses at any one time, and an estimated 3.4 million people die annually from 
waterborne pathogen infections.  Children, elderly persons, pregnant women, and persons with 
deficient or suppressed immune systems are at increased risk of illness from exposure to fecal 
pathogens (Gerba et al., 1996; Pond, 2005).  Waterborne illnesses resulting from wastewater 
pollution of coastal areas cause global economic losses estimated at $12 billion USD annually 
(Shuval, 2003).  In the United States, approximately 131 million adults (61% of the population) 
swim in natural waters each year (USEPA, 2004), and are potentially exposed to waterborne 
fecal pathogens. 
Fecal pathogens are internalized through primary or secondary contact with contaminated 
water.  Primary contact is intentional internalization by drinking, and secondary exposure is 
unintentional internalization.  Unintentional internalization may occur during professional or 
recreational activities including swimming, wading, boating, or fishing in or around 
contaminated waters (Balasubramanian et al., 1992; USEPA, 2004; Roberts et al., 2007; 
Donovan et al., 2008; Schets et al., 2008).  During secondary exposure, pathogens may enter the 
body through the mouth, nose, eyes, ears, open wounds, or cause dermal maladies (USEPA, 
2004; Pond, 2005).  Illnesses from waterborne fecal pathogens range from asymptomatic to fatal 
(Pond, 2005).  The actual prevalence of waterborne illnesses is unknown due to underreporting 
(Frost et al., 1996; Craun et al., 2006). 
Fecal pathogens enter surface waters from precipitation runoff, combined sewage 
overflows (CSOs), and sanitary sewage overflows (SSOs) (Smith and Perdek, 2004).  
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Precipitation runoff rinses fecal matter from surfaces into surface waters (Mallin et al., 2000; 
Marsalek and Rochfort, 2004; Selvakumar and Borst, 2006; Hathaway et al., 2010).  The 
magnitude of fecal material introduced by precipitation runoff is positively and strongly 
influenced by the size of human population and relative abundance of impervious surfaces in the 
watershed (Mallin et al., 2000).  Older urban areas often use combined or separated sewage 
systems to manage precipitation runoff.  Combined sewage systems (CSS) convey a mixture of 
precipitation runoff and sewage for treatment.  In periods of elevated precipitation or snowmelt, 
the volume of combined sewage exceeds the treatment capacity of the wastewater treatment 
facility (WWTF).  Excess combined sewage discharges directly into receiving waters during 
combined sewage overflow (CSO) events.  Newer urban areas generally use SSSs that covey 
runoff and sewage in separate pipe systems.  Treatment of runoff varies by system.  Effluents 
from CSOs and SSSs may contain quantities of E. coli associated with risks to human health or 
pathogens (Marsalek and Rochfort, 2004; Smith and Perdek, 2004; USEPA, 2004; Selvakumar 
and Borst, 2006; Donovan et al., 2008; Hathaway et al., 2010).  Effluent from WWTFs may also 
contribute fecal bacteria to surface waters (Lazarova et al., 1999; Monarca et al., 2000; Blatchley 
et al., 2007). 
Current methods to monitor the presence and magnitude of fecal contamination use 
indicator bacteria that are present with fecal material.  These are microbes whose presence in 
water signals the presence of fecal matter, and potentially, pathogens.  The abundance of these 
indicators correlates with the magnitude of fecal contamination.  Ideal bacterial indicators of 
fecal contamination would be of exclusively fecal origin, viable for extended periods outside of 
the host, and unable to reproduce in environmental waters.  Bacteria believed to indicate fecal 
contamination include fecal or thermotolerant coliforms (FC), and Escherichia coli, among 
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others.  Fecal coliforms are members of the genera Escherichia, Klebsiella, Enterobacter, and 
Citrobacter. The predominant FC in human and non-human feces are E. coli (Tallon et al., 
2005). 
The effectiveness of culture-based assays of FC and E. coli as an indication of fecal 
material is debated (Tallon et al., 2005).  These methods require significant quantities of viable 
cells to detect fecal material and are subject to biases associated with cell culturing.  The use of 
any type of “indictor organism” is controversial because of the potential for false results – i.e., 
the determination that water is unsafe when it does not actually contain any pathogens or the 
determination that water is safe when pathogens are present.  Indictor organisms often correlate 
poorly with the presence of pathogens (Wilkes et al., 2009) and subsequently inhibit assessment 
of human health risks.  Newer methods are designed to directly identify and enumerate 
pathogens using immunological assays, in situ hybridization, and nucleic acid based techniques 
involving polymerase chain reaction (PCR).  Methods that employ PCR attempt to detect the 
presence of specific pathogenic genes or other selective genetic markers in a microbial 
community.  Presence of these markers suggests the presence of specific pathogens in a sample.  
Methods based on PCR offer improved sensitivity, specificity, and timeliness for pathogen 
detection (Tallon et al., 2005).  Multiplex PCR (mPCR) allows simultaneous detection of several 
gene targets and permits increased specificity relative to single-target PCR (Chiu and Ou, 1996; 
Hu et al., 1999; Thong et al., 2005; Brandal et al., 2007).  Combining culture-based and PCR-
based methods may provide the best estimate of risks caused by fecal contamination.  The PCR-
based analyses in this study focused on four taxa of pathogenic fecal bacteria. 
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Background: Organisms of interest 
E. coli O157:H7 is a shiga-like toxin-producing E. coli (STEC) that causes 
approximately 73,000 illnesses and 250 deaths annually in the US (Pond, 2005).  The case 
fatality rate for infection by E. coli O157:H7 infection is 0.2% in the general population and as 
high as 12% in nursing homes (Gerba et al., 1996).  Infections by STEC may cause severe, 
bloody diarrhea and gastroenteritis, or may not manifest clinical symptoms.  Potentially fatal 
hemolytic-uremic syndrome (HUS) occurs in 2-8 % of cases; 10-30% of these cases require 
long-term dialysis (Pond, 2005).  Most cases of STEC-induced illness are linked to contaminated 
foods, but many outbreaks are linked to water contact.  Infected cattle and humans contribute E. 
coli O157:H7 to surface waters.  Infective cells of E. coli O157:H7 may persist for more than 90 
days in natural waters (Wang and Doyle, 1998).  Survival is prolonged by low temperatures 
(Wang and Doyle, 1998) and significantly reduced by sunlight (Maiga et al., 2009). 
Presence of E. coli O15:H7 may be determined through mPCR detection of gene 
segments from genes rfbE, fliC, slt-I, slt-II, and eaeA (Hu et al., 1999).  Genes rfbE and fliC are 
necessary for the presence of the O157 and H7 antigens, respectively.  The genes slt-I and slt-
IIcode for Shiga-like toxins and indicate STEC.  The eaeA gene contains a conserved region 
coding for the protein intimin that facilitates attachment to host cells and is believed to be unique 
to serovar O157:H7. 
 
Enterococci faeciumand other Entercocci spp. are effective indicators of fecal pollution, 
especially in marine environments (Tallon et al., 2005).  Enterococci spp. are associated with a 
wide range of illnesses of varying severity (Murray, 1990).  E. faecium is extensively studied as 
a causative agent of nosocomial infections and many strains have developed resistance to one or 
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more antibiotics (Leavis et al., 2003).  Presence of E. faecium containing the human-specific 
Entercocci surface protein (HS-esp) in surface waters indicates the presence of human fecal 
contamination, even in the presence of non-human fecal contamination because E. faecium from 
non-human sources do not contain HS-esp (Scott et al., 2005).  Scott and associates (2005) 
devised an effective PCR for detecting E. faecium in surface waters. 
 
Campylobacter spp. are the leading cause of diarrhea in developed countries (Skirrow, 
1994).  Many species of Campylobacter are associated with human illness; C. jejuni and C. coli 
are most prevalent (Brown et al., 2004).  Infections cause diarrhea that may be bloody or severe, 
abdominal pain, and fever persisting from one day to three weeks; symptoms require a 13% 
hospitalization rate and cause 0.4% case fatality in general population (Pond, 2005).  Infection 
with Campylobacter spp. is associated with later development of Guillain-Barré syndrome (0.1% 
of patients), arthritic conditions, and bacteremia (Pond, 2005).  Campylobacter spp. colonize the 
intestines of mammals and birds and are shed in the host’s feces (Brown et al., 2004; Pond, 
2005).  Environmental Campylobacter spp. enter a dormant metabolic state in unfavorable 
conditions and thus can persist for longer periods than other pathogens (Pond, 2005).  
Campylobacter spp. contain a unique conserved region in the 23s rRNA gene that permits PCR-
based detection of Campylobacter spp.(Linton et al., 1996). 
 
Salmonella spp. (excluding S. typhi and S. parathyphi) cause an estimated 1.4 million 
cases of salmonellosis and an estimated 400 deaths each year in the US (U.S. CDC, 2010a).  
Most infections by Salmonella spp. (excluding S. typhi and S. parathyphi) result in potentially 
bloody diarrhea, abdominal cramps, fever, and may cause arthritic symptoms or brain lesions 
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after the acute illness (Pond, 2005; U.S. CDC, 2010a).  Both S. typhi and S. paratyphi cause 
typhoid fever.  Typhoid fever infects an estimated 21.5 million people each year; around 400 
cases occur annually in the US, which 75% of these attributed to international travel(U.S. CDC, 
2010b).  Salmonella spp. commonly colonize the intestines of humans, other warm-blooded 
animals, reptiles, and fish, and are shed with the host’s feces (Gaffield et al., 2003; Pond, 2005; 
Gaertner et al., 2008; Wilkes et al., 2009).  Both S. typhi and S. paratyphi are carried exclusively 
by humans (Pond, 2005; U.S. CDC, 2010b).  Salmonella spp. enter waterways and benthos after 
precipitation events, but are not believed die off quickly (Gaertner et al., 2009). 
Over 2000 serovars of Salmonella spp. possess the inv gene that permits them to invade 
host cells (Chiu and Ou, 1996).  The invA gene is unique to Salmonella spp., and is carried on the 
chromosome (Chiu and Ou, 1996).  Virulence in non-typhoid Salmonella spp. is attributed to the 
presence of a plasmid containing the spv genes (Chiu and Ou, 1996).  Presence of both invA and 
spvC indicates the presence of pathogenic Salmonella spp. and both of these genes can be 
detected simultaneously using mPCR (Chiu and Ou, 1996). 
 
Objectives 
This research aimed to adapt existing PCR-based methods for rapid detection of four taxa 
of pathogenic fecal bacteria in the James River where it flows through Richmond, VA, and to 
compare the results of PCR-based assays with those of traditional coliform enumeration 
methods.  The efficacy of culture-based assays of E. coli and FC as indicators of these pathogens 
species was also analyzed.  Environmental, spatial, and temporal factors influencing the 
distribution and abundance of coliforms or the presence of pathogens were also investigated. 
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Methods 
 
Site description  
The James River catchment upstream of Richmond (17,490 km
2
) is primarily woodland 
or agricultural.  At the point where the river enters the city, it is approximately 250 m wide with 
an average mean daily discharge of 190 m
3
 / s (US Geological Survey Richmond-Westham 
gage).  This region receives precipitation runoff from wooded riparian parklands and urban 
impervious surfaces, CSO effluent, and SSOs.  The sampled reach (Figure 2.1)and its tributaries 
contain 29 CSO outlets of varying size and discharge frequency, some of which discharge when 
rainfall rates meet or exceed 5 mm / hour.  The sampled reach is used frequently for swimming, 
fishing, and boating.  Direct water contact (e.g., swimming and wading) are most common 
during late spring to early autumn in the designated parklands.  The downstream portion of the 
reach is used year-round, primarily for fishing and boating. 
 
Sample collection 
 Monthly surface water samples (depth ≤ 1 m) were collected from four locations along 
the James River in Richmond, VA between July and December 2010.  In situ temperature, pH, 
specific conductance (SpCond), dissolved oxygen (DO as percent saturation), and turbidity were 
recorded with a Hyrdrolab MS-5 multi-parameter water quality probe (Loveland, CO).  Total 
suspended solids (TSS) Chlorophyll α, nitrate/nitrite (NOx), ammonium (NH4)
+
, total nitrogen 
(TN), orthophosphate OP, and total phosphate (TP) were measured in subsamples by the 
Virginia Commonwealth University Environmental Analysis Lab (Richmond, VA) using 
American Public Health Association methods (APHA, 1998).  To obtain samples of the 
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microbial community for later genetic analysis, subsamples (250-1000 ml, dependent on 
suspended solids) were filtered through nitrocellulose membranes of 0.45 μm pore size until the 
filter was occluded.  Filters were stored at -20 °C. 
Total precipitation and mean daily river discharge were recorded for all dates between 16 
July and 10 December 2010.  Precipitation measurements were reported by Richmond 
International Airport (approximately 11 km east of the center of the study area).  River discharge 
statistics were reported by the US Geological Survey Richmond-Westham gage (located at the 
Huguenot site). 
 
Coliform analyses 
 Colonies of E. coli and FC were enumerated using membrane filtration culturing 
methods:  E. coli by EPA Standard Methods (USEPA, 2006), and FC by American Public Health 
Association methods (APHA, 1998).  Briefly, several known volumes of river water from each 
sample were filtered through 0.45 μm pore size nitrocellulose filter membranes (Millipore, 
Billerica, MA).  Filters for the enumeration of FC were incubated on Difco
TM
 mFC agar for 24±2 
hours at 44° C.  Filters for the enumeration of E. coli were incubated on Difco
TM
 mTEC agar (all 
agars from Becton, Dickinson and Company, Sparks, MD) for 2 hours at 35° C and then 44° C 
for 22 hours.  Resultant colonies were enumerated visually and the concentrations of FC and E. 
coli colony forming units (CFU) per 100 mL of water in each sample were calculated using 
APHA (1998) recommended formulae. 
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Molecular analysis of pathogens 
 PCR optimization: PCR protocols to detect relevant genes from each of the organisms 
of interest were identified in literature (Table 2.1) and optimized for use with available reagents.  
PCRs selected to detect E. faecium and Campylobacter spp. each used a single primer pair; 
mPCR was used to detect E. coli O157:H7 and Salmonella spp..  Extracted and freeze-dried 
positive control DNA for each taxon of interest (Table  2.2) was procured from the American 
Type Cultures Collection (Manassas, VA).  Each taxon-specific PCR was performed with 
various concentrations of positive control DNA, MgCl2, primers, and numbers of amplification 
cycles until strong, clear, bands were observed in ethidium bromide (EtBr) stained agarose.  
Electrophoresis conditions were strictly standardized to ensure consistent detection.  All gels 
were 1.5% agarose in TBE, performed in TBE buffer at 90 V for 90 minutes; gels and TBE 
buffer contained 5 μg /mL of EtBr. 
All PCRs used the same concentrations of reagents, with the exception of primers (Table  
2.3).  Each PCR contained 50 mM KCl, 10 mM Tris-HCl, 2.5 mM MgCl2, 200 μm of each di-
nucleoside triphosphate, 0.5 μg of bovine serum albumin (BSA), and 1 U AmpliTaq® DNA 
polymerase (Applied Biosystems, Foster City, CA; BSA from Roche Applied Science, 
Indianapolis, IN; primers from Invitrogen, Carlsbad, CA).  Final volume was adjusted to 25 μL 
with PCR-quality water. 
 Detection thresholds: Various known quantities of appropriate positive control DNA 
were mixed with DNA extracted from Pseudomonas aeruginosa to estimate the detection 
threshold of each PCR in the presence of non-target DNA.  Fifteen ng of DNA from this mixture 
was used as the DNA template for each PCR.  The DNA mixture containing the lowest quantity 
of control DNA that formed a visible band on an EtBr-stained agarose gel in at least three of 
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three PCR reactions was considered the lower threshold of detection.  Dividing the mass of 
genomic control DNA detectable by each PCR and the genome mass of each control strain 
permitted estimation of the number of target cells detectable with the PCR (Table 2.2).  
 Sample processing: DNA from each river water sample was extracted from the frozen 
filter using a MO BIO Power Water DNA extraction kit (MO BIO Laboratories, Carlsbad, CA), 
per the manufacturer’s directions.  The integrity of the extracted DNA was confirmed using 
agarose gel electrophoresis on a 10-μL aliquot.  Community DNA was quantified using a 
NanoDrop 1000 photospectrometer (Thermo Fisher, Waltham, MA).  All PCRs used 15 ng of 
community DNA from each sample as the PCR template.  To verify the sensitivity of each PCR, 
two additional reactions were performed simultaneously with each sample, one spiked with 
positive control DNA at the detection threshold concentration, the other spiked to 10 times the 
threshold concentration.  This confirmed the detection threshold in each sample and reduced 
non-specific amplification (Figure 2.2). 
 
Statistical Analyses 
 Statistical analyses were performed using JMP 9 (Version 9.0.2, SAS Institute, Cary, NC) 
and judged at α = 0.05.  Temporal trends in physicochemistry, nutrients, antecedent total 
precipitation, antecedent total mean daily discharge, and indicator organism concentrations were 
analyzed using Spearman correlations (rs) and Bonferroni corrections for multiple comparisons.  
Sample size for each sampling date (n = 4) did not permit valid multiple comparison tests of 
temporal data.  Spatial trends were analyzed using the Kruskal-Wallis test and Dwass-Steel 
multiple comparisons, where appropriate (nonparametric equivalents of analysis of variance and 
Tukey’s honestly significant difference post-hoc tests, respectively).  Logistic regression was 
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used to determine the efficacy of each measured parameter as a predictor of the presence of each 
pathogen taxon.  To simultaneously analyze the relative influences of several parameters, and 
account for covariance among parameters, canonical correspondence analysis (CCA) was used 
(CANOCO, Version 4.56, Plant Sciences International, Wageningen, Netherlands).  When 
appropriate, parameter measurements were log-transformed to normalize their distribution prior 
to CCA. 
 
Results & Discussion 
 
Trends in physicochemistry, hydrology, and coliform concentrations 
Temporal trends: Across sampling dates, water temperature, SpCond, OP, TP, TSS and 
chlorophyll α decreased, as mean daily discharge increased (Table 2.4).  The observed temporal 
trends in physicochemistry can be attributed to the transition from the summer through autumn 
seasons.  Lower temperatures are commonly associated with decreased chlorophyll α 
concentrations (Coles and Jones, 2000).  Runoff of lawn fertilizers was suspected as the primary 
source of phosphorus from the watershed, as many phosphate detergents are banned in the study 
area (Hoffman and Bishop, 1994); application of lawn fertilizer likely decreased during the 
sampling period.  Chlorophyll-α concentrations correlated strongly with both OP and TP (rs = 
0.60, p = 0.002 and rs = 0.57, p = 0.004, respectively), suggesting both temperature and 
phosphorus loading influence chlorophyll-α in this system.  Chlorophyll-α correlated strongly 
with FC concentrations (rs = 0.46, p = 0.023), but not with coliform E. coli concentrations (rs = 
0.04, p = 0.853).  This suggests that conditions conducive to phytoplankton growth may increase 
concentrations of environmental FC, i.e. members of the FC genera not of fecal origin (Tallon et 
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al., 2005), but not coliform E. coli; die off rates of planktonic E. coli increase in the presence of 
phytoplankton (Ansa et al., 2011).  However, coliform E. coli and FC concentrations did not 
display a unidirectional relationship with date.   
Sampling dates corresponded to a variety of antecedent precipitation and hydrological 
conditions that likely exerted greater influence on coliform E. coli concentrations than other 
factors associated with the summer-autumn transition (Figure 2.3).  Previous multi-year studies 
(Chapter 1) indicate that antecedent precipitation and discharge strongly influence E. coli 
concentrations in this system.  During this study, coliform E. coli did not correlate with any 
individual measured physicochemical, precipitation, or hydrological parameters.  Coliform E. 
coli concentrations correlated well with FC concentrations (rs = 0.50, p = 0.013), suggesting they 
are similarly influenced by the same factors.  However, due to the small sample size, these 
influences appeared insignificant. 
 
Spatial trends: Spatial analysis using Kruskal-Wallis tests indicated that coliform E. coli 
concentrations, NOx, and (NH4)
+
, and TN varied among sampling sites (Table 2.5).  However, 
Dwass-Steel post-hoc testing revealed that variations of NOx, and (NH4)
+
across sites were only 
nearly significant when pairwise comparisons were conducted (minimum p = 0.110, 0.063, and 
0.092, respectively); Only TN was significantly different when pairwise comparisons where 
made; TN was significantly higher at the extreme downstream site (B168) than at any other site 
(p-values = 0.026).  This variation, and several other nearly significant variations in other 
nitrogen species were attributed to WWTF effluent upstream of B168, and potential influences of 
hydrology and biogeochemical processes unique to the tidal portion of the reach.  E. coli and FC 
did not display significant variations among sites during this study. 
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Trends of pathogen detection 
 Genetic markers indicative of pathogenic bacteria were identified in 21 of 24 samples 
(Table 2.6).  Using logistic regression, the presence or absence of pathogens correlated 
significantly with temperature, SpCond, antecedent precipitation (7 day total), and total 
antecedent mean daily discharge (1-10 days).  Individual parameters correlating with the 
presence or absence of individual pathogen taxa varied (Table 2.7).  Optimized for species 
separation, CCA confirmed that the presence of each pathogen taxa correlated with a unique set 
of environmental parameters (Figure 2.4).  
 
 E. coli O17:H7 were detected in 80% of samples; 79% contained fliC and 13% contained 
eaeA (two samples contained both fliC and eaeA, one contained only eaeA).  The fliC gene is 
directly involved in the expression of the H7 (flagella) antigen, and indicative of the presence of 
flagellated E. coli(Hu et al., 1999).  In the absence of rfbE (associated with O157 antigen), its 
presence indicates E. coli serotypes with H7 other than O157:H7; such serotypes may be 
pathogenic to humans (Madic et al., 2011).  The primers used to detect eaeA targeted a 
conserved region characteristic of E. coli O157:H7.  Detection of this gene, which codes for the 
adhesion protein intimin, in the absence of the other targets for O157:H7 suggests that E. coli 
O157:H7 were present, but the other targets were not detected due to low abundance or lack of 
PCR specificity. 
 Presence and absence of genetic markers associated with E. coli O157:H7 individually 
correlated positively with TSS and 1-10 day antecedent total mean daily discharge and correlated 
negatively with temperature, pH, SpCond, and 5-7 total antecedent precipitation (Table 2.7).  
These individual correlations suggest that E. coli O157:H7 are most likely present during warm 
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season, sediment-laden high flow conditions.  Conversely, CCA did not indicate strong 
multivariate trends among measured parameters and the presence of E. coli O157:H7 markers.  
The eaeA gene was detected only in July at the Mayo’s, CSO, and B168 sites; thus, identifying 
correlations with eaeA detection was not possible. 
 Samples from the Huguenot (upstream) site contained fliC in August-November.  E. coli 
with this gene likely entered the sampled reach from watersheds upstream, which are primarily 
agricultural.  The presence of fliC in sites downstream of Huguenot in July and December 
indicated the presence of an E. coli O157:H7 source within the sampled reach on these dates; the 
number of such occurrences does not permit localization or identification of such a source. 
 
 E. faecium: The HS-esp gene, indicative of human-source E. faecium was detected in 
21% of samples.  Presence or absence of this gene correlated negatively with coliform E. coli 
concentrations overall.  However, removal of a single outlying coliform E. coli concentration 
rendered this correlation insignificant (χ2 = 1.12, p = 0.290) suggesting that coliform E. coli are 
not a suitable indicator for HS-esp in this reach.  Correlations between the presence and absence 
of HS-esp and temperature (negative), SpCond (negative), NOx (positive), and antecedent total 
mean daily discharge (positive) were less influenced by outliers (Table 2.7).  The presence of 
HS-esp correlated strongly only with temperature and SpCond in CCA.  These findings imply 
that HS-esp is more likely present in warmer weather and in the presence of high NOx, 
conditions associated with the presence of CSO effluent in the summertime. 
HS-esp was present at all sites except B168 in July, suggesting E. faecium entered the 
reach from watersheds upstream or autocthanously from recreators.  In August and September, 
HS-esp was present only at the CSO site.  A portion of CSO discharge is untreated human waste, 
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and was the likely source of the HS-esp detected.  October through December was characterized 
by increased mean daily discharge and lower temperatures.  These factors likely increased 
dilution, die off, and export of E. faecium and consequently inhibited detection. 
 
 Campylobacter spp. were detected in 42% of samples.  Presence or absence of 
Campylobacter spp. correlated positively with (NH4)
+
 and negatively with total 2-8 day 
antecedent precipitation (Table 2.7).  Correlations with most measured parameters were not 
unidirectional, suggesting the magnitude of Campylobacter spp. sources vary during the study 
period.  Multivariate analysis also indicated only modest correlations with any measured 
parameter.  Campylobacter spp. appeared to be influenced primarily by date, as they were 
detected only during August-November, and were present at all sites in October.  This temporal 
variation is likely indicative of the autumn migration of waterfowl, especially Branta canadensis 
(Canada geese) that were frequently observed during sampling on the dates when Campylobacter 
spp. were detected.  Waterfowl are known reservoirs of Campylobacter spp. (U.S. CDC, 2010c) 
and sources of ammonia (Fox and Kahlert, 1999). 
 
 Salmonella spp. were detected in 21% of samples, but the virulence plasmid was not 
detected in any samples.  The virulence plasmid was truly absent, or represented such a small 
portion of the community DNA as to be undetectable by the PCR methods employed.  Presence 
or absence of Salmonella spp. correlated negatively with temperature and SpCond and positively 
with total mean daily discharge in the 1-10 days before sample collection (Table 2.7).  However, 
these correlations are misleading, as all factors identified as correlates vary seasonally (Table 
2.5), and Salmonella spp. were detected only in July.  The frequency and distribution (detected at 
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all sites) of Salmonella spp. detection inhibited any attempts to identify potential influences of 
their distribution. 
 
Human health implications 
 PCRs indicated the presence of potential pathogens in 88% of samples.  The frequency of 
detection and diversity of these potential pathogens were greatest during July-October months 
when the studied reach is used heavily for swimming and other forms of recreation.  The results 
indicate that recreational contact with the James River in Richmond, particularly during warmer 
months, is associated with the possibility of illness from fecal contamination.  The potential for 
illness and the potential illnesses vary during the summer-autumn transition.  The presence of 
potential pathogens generally corresponds positively to recent precipitation and periods of high 
discharge; contact with the river during these times likely increases the risk of illnesses 
associated with fecal bacteria.  The majority of illnesses caused by the investigated taxa are 
generally mild, and rarely life threatening in healthy adults. 
 
Conclusions 
This study suggests that current monitoring of health risks associated with the James 
River may be inadequate.  Current monitoring relies on physicochemistry and concentrations of 
indicator organisms including coliform E. coli and FC.  These parameters appeared poorly 
correlated with the presence of E. coli O157:H7, E. faecium, Campylobacter spp. and Salmonella 
spp. during the study period. 
The PCR methods developed provided the means to directly identify the presence of 
potential pathogens without reliance on cell cultures or cultured indicator organisms.  These 
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methods permit detection of the specific genetic markers within hours of sample collection, and 
provide immediately interpretable results.  However, comparing the results of these methods 
with pathogen culture techniques is suggested to confirm accuracy and sensitivity.  With 
repeated testing through time at several sites, and comparison with physicochemical, 
precipitation, and hydrological parameters, these PCR-based methods could permit more 
accurate characterization of the distributions of individual pathogen taxa.  However, they cannot 
effectively quantify the abundance of pathogens, the viability of pathogens, or indicate other 
potential illnesses associated with the tested water.   
Most of the PCR amplicons indicating pathogen markers were faint or associated with 
non-specific amplicons when visualized in the agarose gels.  This implies that pathogen markers 
account for a small portion of the overall microbial community DNA.  The addition of positive 
control DNA to replicate samples reduced non-specific amplification, suggesting non-specific 
amplification was a consequence of inadequate copies of target sequences more so than poor 
primer specificity or PCR design.  Semi-nested PCR or a culture enrichment step preceding PCR 
(Ng et al., 1997; Hu et al., 1999; Alexandrino et al., 2004) is suggested for more robust pathogen 
detection.  However, these PCR methods identified the presence of genetic markers indicative of 
potentially pathogenic bacteria in 88% of samples with sufficient replicability (results not 
shown).  Future studies are suggested to optimize these presence / absence methods, or 
incorporate quantitative PCR methods, and expand temporal scale and spatial resolution to better 
characterize the distribution of these taxa. 
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Chapter 2 Appendix
 
 
Figure 2.1: Aerial view of sampling sites (red) and landmarks (white). 
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Figure 2.2: Agarose gel of mPCR for detection of E. 
coli O157:H7 showing high weight non-target 
amplicons when small quantities of target DNA are 
present.  Lanes 1-3: replicates with 60 fg of positive 
control DNA.  Lanes 4-6: replicates with 6fg.  Lane 7: 
positive control with 600 fg.  Lane 8: negative control 
with no target DNA.  Lane 9: blank with no DNA.  Lane 
10: 100 bp size standard.  PCR product in all lanes 
except 9 and 10 contained 15 ng of P. aeruginosa DNA 
in the PCR reaction.  Similar non-target amplification 
was observed in all taxon-specific PCRs with low 
quantities of target DNA. 
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Figure 2.3: Mean daily discharge of the James River through Richmond, Virginia (line) and daily total precipitation (circles) 
during sample collection period.  Vertical dotted lines indicate dates sampled. 
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Figure 2.4: Canonical correspondence analysis of factors influencing 
distribution of pathogens.   
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Table 2.1: Protocols modified for detection of pathogens in river water.  Sample types and detection thresholds are those provided 
in the referenced literature. 
Organism 
Sample type 
for detection 
Detection 
method Detection threshold Target Reference 
E. coli O157:H7 Bovine feces mPCR 
 
≥ 1 CFU eaeA, slt-I, slt-II, fliC, rfbE Hu et al., 1999 
Enterococci 
faecium 
Water containing 
sewage 
 
PCR 100% at 10 gene copies HS-esp Ahmed et al., 2009 
Campylobacter 
spp. 
Urban surface 
water 
 
PCR 1-10 gene copies 23s rRNA Dorner et al., 2007 
Salmonella spp. Human feces mPCR 200 cells invA, spvC (plasmid) Chiu and Ou, 1996 
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Table 2.2: Positive controls and detection thresholds used in this study.  Minimum detection thresholds are the minimum 
amount of positive control DNA, mixed with 15 ng of DNA from P. aeruginosa detectable in 3 of 3 PCR reactions  
 
Positive control ATCC # 
Reference 
sequence #
c
 
Estimated mass of 
chromosome (fg) 
Minimum Detection 
threshold (fg)
b
 
Escherichiacoli O157:H7 43895D-5 NC_002655 6.06 6.13 
Enterococci faecium 33292D-5 Not sequenced 3.15
a
 2.17 
Campylobacterjejuni 33292D-5 NC_002163 1.80 7.52 
Salmonellaentericachromosome 10708D-5 NC_006905 5.21 7.67 
Salmonellaenterica pSCV50 plasmid 10708D-5 NC_006855 0.05 7.67 
 
a
 isolate used as positive control was not sequenced.  Chromosome mass estimated by averaging estimated mass of 15 E. 
faecium sequences 
b
 lowest amount of positive control DNA detected in ≥ 3 replicates 
c National Centers for Biotechnology Information “Refseq#” 
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Table 2.3: Primer names, sequences, target genes, and concentration used in optimized PCR reactions 
 
Taxon Gene Primer Sequence† 
Concentration 
 in PCR (nM) 
E. coli O157:H7  O157  RfbF 5’-GTGTCCATTTATACGGACATCCATG-3’ 100 
 RfbR 5’-CCTATAACGTCATGCCAATATTGCC-3’ 100 
H7  FLICh7-F  5’-GCGCTGTCGAGTTCTATCGAGC-3’ 60 
 FLICh7-R  5’-CAACGGTGACTTATCGCCATTCC-3’ 60 
Intimin  IntF  5’-GACTGTCGATGCATCAGGCAAAG-3’ 75 
 IntR 5’-TTGGAGTATTAACATTAACCCCAGG-3’ 75 
SLT-I  SLT-IF 5‘-TGTAACTGGAAAGGTGGAGTATAC-3’ 200 
 SLT-IR  5’-GCTATTCTGAGTCAACGAAAAATAAC-3’ 200 
SLT-II SLT-IIF 5’-GTTTTTCTTCGGTATCCTATTCCG-3’ 200 
 SLT-IIR 5’-GATGCATCTCTGGTCATTGTATTAC-3’ 200 
E. faecium  HS-esp HS-esp F 5’-TATGAAAGCAACAGCACAAGTT-3’ 300 
 HS-esp R 5’-ACGTCGAAAGTTCGATTTCC-3’ 300 
Campylobacter spp. 23s RNA THERM 1 5’-TATTCCAATACCAACATTAGT-3’ 400 
 THERM 2 5’-CGGTACGGGCAACATTAG-3’ 400 
Salmonella spp.  spvC  SPVC-1  5’-ACTCCTTGCACAACCAAATGCGGA-3’  375 
 SPVC-2 5’-GTCTTCTGCATTTCGCCACCATCA -3’ 375 
invA  INVA-1 5’-ACAGTGCTCGTTTACGACCTGAAT-3’ 125 
 INVA-2  5’-AGACGACTGGTACTGATCGATAAT-3’ 125 
† sequence references in Table 1 
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Table 2.4: Spearman correlations of parameters 
with number of days since the beginning of 
sample collection 
Parameter rs p 
E. coli (CFU / 100 mL) -0.03 0.896 
FC (CFU / 100 mL) -0.06 0.793 
Temperature (°C) -0.99 < 0.001* 
pH -0.33 0.117 
SpCond (μS / cm) -0.87 < 0.001* 
DO % 0.44 0.032* 
Turbidity (NTU) -0.09 0.664 
TSS (mg / L) -0.11 0.611 
Chlorophyll-α -0.62 0.001* 
NOx 0.21 0.329 
(NH4)
+
 0.05 0.819 
TN 0.01 0.974 
OP -0.65 0.001* 
TP -0.64 0.001* 
 
* indicates significant result at α = 0.05 
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Table 2.5: Kruskal-Wallis tests for spatial 
variation among sites (degrees freedom = 3) 
Parameter χ2 p 
E. coli (CFU / 100 mL) 8.403 0.038* 
FC (CFU / 100 mL) 6.289 0.098 
Temperature (°C) 0.115 0.990 
pH 6.838 0.077 
SpCond (μS / cm) 0.3933 0.942 
DO % 7.503 0.058 
Turbidity (NTU) 0.205 0.977 
TSS (mg / L) 0.2084 0.976 
Chlorophyll-α 1.332 0.722 
NOx 10.499 0.015* 
(NH4)
+
 7.745 0.047* 
TN 13.007 0.005* 
OP 2.884 0.410 
TP 3.497 0.321 
 
* indicates significant result at α = 0.05 
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Table 2.6: Temporal and spatial distribution of pathogen gene detection 
 
 Jul Aug Sep Oct Nov Dec 
Huguenot  
 
HS-esp 
 
invA 
fliC 
 
 
23s 
fliC fliC 
 
 
23s 
fliC  
 
 
23s 
Mayo’s fliC 
eaeA 
HS-esp 
 
invA 
fliC 
 
fliC fliC 
 
 
23s 
None 
fliC 
CSO fliC 
eaeA 
HS-esp 
 
invA 
fliC 
 
HS-esp 
23s 
invA 
fliC 
 
HS-esp 
fliC 
 
 
23s 
fliC 
None 
B168 fliC 
eaeA 
 
 
invA 
fliC 
 
 
23s 
fliC 
 
 
23s 
fliC 
 
 
23s 
fliC 
 
 
23s 
None 
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Table 2.7: Results of logistic regressions of parameters with pathogen presence or absence 
Parameter 
E. coli O157:H7 E. faecium Campylobacter spp. Salmonella spp. Overall 
χ2 p χ2 p χ2 p χ2 p χ2 p 
E. coli 
(CFU / 100 mL) 
0.516 0.473 4.349 0.037* 1.736 0.188 1.572 0.210 0.030 0.862 
FC  
(CFU / 100 mL) 
0.027 0.870 3.459 0.063 1.284 0.257 0.450 0.502 0.599 0.439 
Temperature (°C) 5.333 0.021* 8.613 0.003* 0.330 0.566 12.732 < 0.001* 7.327 0.007* 
pH 5.051 0.025* 0.344 0.558 2.303 0.129 0.975 0.324 2.985 0.084 
SpCond (μS / cm) 5.018 0.025* 6.949 0.008* 0.210 0.647 18.972 < 0.001* 5.449 0.020* 
DO % 0.503 0.478 0.115 0.735 0.426 0.514 2.923 0.087 1.813 0.178 
Turbidity (NTU) 3.213 0.073 0.386 0.535 1.823 0.177 0.744 0.388 3.158 0.076 
TSS (mg / L) 3.919 0.048* 0.113 0.737 0.797 0.372 0.003 0.957 2.746 0.098 
Chlorophyll-α 0.142 0.707 0.448 0.503 0.252 0.616 3.126 0.077 1.154 0.283 
NOx 0.012 0.910 5.555 0.184* 2.557 0.110 3.361 0.067 0.010 0.922 
(NH4)
+ 0.311 0.577 1.720 0.190 7.658 0.006* 4879 0.027* 0.053 0.818 
TN 0.091 0.763 1.720 0.190 3.212 0.073 1.515 0.218 0.029 0.865 
OP 0.181 0.670 1.628 0.202 0.294 0.588 1.025 0.311 0.330 0.566 
TP 2.97 0.085 0.300 0.586 2.455 0.117 0.616 0.433 2.544 0.111 
Total precipitation (mm) in the previous 
 1 day 0.049 0.825 2.070 0.150 0.880 0.348 3.632 0.057 0.583 0.445 
 5 days 4.038 0.045* 1.864 0.172 17.980 < 0.001* 4.711 0.030 2.000 0.157 
 10 days 2.991 0.837 0.742 0.389 1.391 0.238 3.246 0.072 2.031 0.154 
Total mean daily discharge (m3 / s) in the previous 
 1 day 7.214 0.007* 4.860 0.028* 0.660 0.417 14.560 < 0.001* 4.941 0.026* 
 5 days 7.680 0.006* 4.239 0.040* 1.021 0.312 10.982 < 0.001* 5.346 0.021* 
 10 days 7.743 0.005* 4.610 0.032* 0.686 0.407 11.770 0.001* 5.644 0.018* 
 
* indicates significant results at α = 0.05 
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